Exciting a hexagonal CdSe crystal with picosecond Nd : glass laser pulses, two-photon absorption and resonant non-phase-matched second-harmonic generation occur simultaneously. Using different crystal orientations, all components of the secondharmonic susceptibility tensor (non-vanishing components are e/ 31 , d 33 and c/ 15 ) and some components of the two-photon absorption susceptibility tensor
Introduction
CdSe is a hexagonal crystal (wurtzite structure) of P6 3 mc (C^) space symmetry and 6 mm point symmetry [1] . Two-photon absorption (TPA) and second-harmonic generation (SHG) occur simultaneously when picosecond light pulses of a Nd: glass laser (wavelength X L = 1.054/mi) are passed through the crystal.
CdSe has been applied previously to phase-matched SHG of C0 2 -laser light (/ L = 10.6 jam) [2] and the non-resonant second-order susceptibility components d 3l , d 33 and d ] 5 have been determined. Phase-matched difference frequency mixing of 1.833 /mi (Nd : YAG laser) and 10.6/mi (C0 2 -laser) radiation was applied to generate light at 2.2/mi [3] . The second-order susceptibility component d 33 has been determined under non-resonant (2 L = 2.12/mi) [4] and resonant (A L = 1.06/mi) [5] conditions by non-phase-matched SHG. The reported second-harmonic susceptibility values are listed in Table I .
The TPA of neodymium laser pulses (A L « 1.06/mi) in CdSe has been investigated in several papers [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . The extracted TPA cross-sections are listed in Table II . Early measurements with long pump pulses gave rather large TPA cross-sections. The TPA depends on the crystal orientation and the light polarization (see below). The thirdorder non-linear susceptibility tensor Xm\~ W L; W L> % 9 -<^L) is responsible for TPA [19, 20] .
The contribution of resonant non-phase-matched SHG to the non-linear transmission of neodymium laser light through CdSe has been considered in [10, 11] . The loss of pump light by the generation of second-harmonic light, was found to be approximately the same as the loss of pump light by TPA in the case of E L || c and k L 1 c (E L is the electrical field strength of the pump laser, c is the optical axis of the crystal and k L is the wavevector of the pump laser). The relationship between esu and SI values is d(esu) = (3 x 10 4 /4TI) dtmV" 1 ) [38] . An appreciable influence of excited-state absorption on the non-linear transmission was reported in [11, 12] . Q-switched lasers with pulse durations of 15 [11] and 20 ns [12] were used. Approximately 20% of the absorption was found to be due to excited-state absorption of the two-photon-generated carriers [11] .
In this paper the TPA and the resonant non-phase-matched SHG in CdSe are studied. Single picosecond light pulses of a passively mode-locked Nd-phosphate glass laser are applied (wavelength A L = 1.054/im, pulse duration At L « 6ps). Using different crystal orientations, all non-zero components of the second-order non-linear susceptibility tensor responsible for SHG are determined. For the TPA only some components of the third-order non-linear susceptibility tensor X/jwX -<o L ; co L , co L , -a) L ) are determined. Our measurements indicate no measurable contribution of excited-state absorption to the non-linear transmission. The SHG is found to be too weak to contribute measurably to the non-linear pump-pulse absorption.
Theory
The electrical field strengths -k 2 s) ] + c.c.} of the second-harmonic light are considered, s is the propagation direction of the laser light. The discussion will be restricted to light propagation parallel to the optical axis (k \\ c, s = z) and perpendicular to the optical axis (k 1 c, s = y, x and y are equivalent) of the CdSe crystal. The resonant (co 2 in the absorption region) non-phase-matched (k 2 # 2k L ) collinear SHG and the TPA are included in the analysis. The excited-state absorption of photogenerated carriers is not included in the theory, since the experiments give no indication of excited-state absorption under our experimental conditions (for the inclusion of excited-state absorption, see [21] ). In the slowly varying amplitude approximation the wave equations for E 20 and E L0 are [21] [22] [23] 
The index / denotes x, y or z; /x 0 is the permeability of free space; c 0 is the speed of light 
where e 0 is the permittivity of free space. The polarization wavevector is k\ = k L/ + k Lk . The wavevector mismatch Ak ( (Equations 1 and 2) is
The second-harmonic susceptibility tensor / (2) ( -co 2 ; co L , co L ) of CdSe (6 mm point group) has three different non-zero components [22, 24] 
The second-order non-linear polarization P[
.} of Equation 2 is given by
with [24] and
The third-order non-linear polarization P[
Only the imaginary part 
where the ordinary TPA coefficient a ( xxxx is given by
The intensity transmission, 
In the experiments T E is measured, is determined by fitting Equation 13 to experimental transmissions. (1, 0, 1) . The field strength of the generated second harmonic light is E 2 = (E 2 , 0, 0). Equations 1 to 7 reduce to 
k L || y, E L || x (oo e interaction) The fundamental field strength is E L = (E L , 0, 0). Second-harmonic light is generated with
In the case of negligible pump-pulse depletion by SHG Equations 23b and 23c reduce to
The second-harmonic output intensity is 
Experimental
The experimental set-up for TPA and non-phase-matched, collinear, resonant SHG (twophoton resonance at co 2 = 2co L ) in CdSe is shown in Fig. la were generated in a passively mode-locked Nd: phosphate glass laser [26] (wavelength 1 L = 1.054/im, pulse duration At L « 6ps). Single pulses were selected with an electrooptical switch and amplified in a Nd-phosphate glass amplifier. A saturable absorber in cell SAl was used to reduce the background energy content (dye Kodak no. 9860 in 1,2-dichloroethane, small-signal transmission T 0 « 0.04). The size of the CdSe sample S was 12 mm x 12 mm x 10 mm. The oaxis is parallel to a 12 mm edge. The peak intensity, I 0L , of the pump pulses incident on the CdSe sample was determined by energy transmission measurement through a saturable absorber SA2 [27] (dye Kodak no. 9860 in 1,2-dichloroethane, T 0 = 0.173, photodetectors PDl and PD2). The four different interaction schemes of the pump pulses with the crystal are illustrated in Fig. 2 . In the case of diagonal pump pulse polarization (case 2.4) a half-wave plate WP was inserted at an angle of 22.5° and the transmitted pulse components I Lx and I Lz were separated with a polarizer POL (detectors PD3 and PD4). The beam profile of the transmitted pump pulses was monitored with a linear photodiode array. The generated second-harmonic light was detected with a photomultiplier PM (S20 spectral characteristic). For absolute measurements of the second-harmonic energy conversion efficiency, f/| H , the photomultiplier sensitivity was calibrated by measuring the second-harmonic signal under high conversion efficiency conditions caused by phase-matched SHG in a KDP-crystal (Fig. lb) . In this case f/| H was determined by the reduction of the pump pulse signal (photodetectors PD5 and PDl).
The refractive indices n Lo and n Le of CdSe were taken from the literature [3, [28] [29] [30] [31] (see Table III ). The linear absorption coefficients a Lo and a Le were calculated from the transmission measurements at low pump pulse intensities (Figs 3 to 5 ) applying the formula [32, 33] (28) and 2co L (29) where / denotes o or e. The refractive indices n 2o and n 2c and the extinction coefficients K 2O and K 2Q were determined by reflection measurements [34, 35] and are listed in Table III . The optical constants of CdSe over a wide wavelength region are reported in [25] . 
Results
The TPA results are shown in Figs 3 to 6. The energy transmissions for k L || c (case 2.1) are shown in Fig. 3 . For this crystal orientation no SHG occurs. The circles are experimental points and the curves are calculated (Equations 12 and 13). The best-fitting TPA coefficient is = 18 x 10~8 cm W" 1 (see Table II ). Curve 2 fits the experimental points over the whole intensity region investigated. This fact indicates that excited-state absorption of two-photon generated carriers plays a negligible role in the interaction of the picosecond pump pulses with the crystal (excited-state absorption not included in the theory).
The pump-pulse energy transmission for k L 1 c and E L 1 c (case 2.2, oo -» e secondharmonic interaction) is shown in Fig. 4 . The experimental data points are best fitted with the same value of the TPA coefficient a^v v as in case 2.1, indicating that the oo -> e SHG has no measurable influence on the energy transmission. In the numerical simulations (solution of Equations 14a and b) below it will be seen that the second-harmonic signal generated (Fig. 7) is two orders of magnitude too small for a measurable pump-pulse reduction by SHG (\d 3l \ is one order of magnitude too small).
The pump-pulse energy transmission for k L ± c and E L \\ c (case 2.3, ee e secondharmonic interaction) is shown in Fig. 5 . The best-fitting TPA coefficient is agL = 1.8 x 10~8 cm W _1 (see Table II ). Again, the SHG (ee e interaction, Fig. 7 ) causes no measurable pump-pulse reduction. (Table II) . The second-harmonic light generated (Fig. 7) is too weak to contribute measurably to the pump-pulse absorption.
The SHG energy conversion efficiencies rjl H are plotted against the pump-pulse input peak intensity I 0Lm in Fig. 7 . The curves were calculated for the situation of no pump-pulse reduction by SHG (Fig. 7a 
Simulations
The influence of the resonant SHG (strong linear absorption of generated second-harmonic light) on the pump-pulse transmission was studied by solving Equations 14a and b numerically (oo e interaction). The CdSe parameters of Table III were applied except where noted otherwise. Only intensity transmissions, T u and second-harmonic intensity conversion efficiencies, jyf", are presented (spatial and temporal rectangular pulse shape).
Second-harmonic generation without TPA
The full curves in Fig. 8 show the pump-pulse transmission in the case of non-phasematched resonant SHG (d£ xxx = 0). \d 3X | was varied. The same results are obtained for d 3X real or imaginary. For comparison pump-pulse transmissions due to TPA are included (broken curves, d 3l = 0). The same functional dependences are found for Ti (7 Lin ) in the case of SHG and TPA. The curves in Fig. 9 show the second-harmonic efficiencies rji H plotted against the pump laser intensity 7 Lin . At low pump intensities rj^H rises proportionally to 7 Lin . Then the second-harmonic signal becomes strong enough to reduce the pump-pulse transmission and approaches a maximum value. At even higher pump-pulse intensities the output pump intensity approaches a constant value (see Equation 11 , power-limiting action [17] ) generating a constant second-harmonic signal, and consequently = /2,out/^L,in decreases proportionally to 1// L , in .
The situation of phase-matched resonant SHG (A£ ooe = 0, (x (^x x = 0) has been analysed. The intensity transmissions are slightly higher and the second-harmonic conversion efficiencies are slightly lower than in the case of non-phase-matched resonant SHG. However, the differences are so small that the curves coincide within the line strength. For CdSe (data of Table III) the linear absorption at the second-harmonic frequency dominates over the phase-mismatch (see Equation 16 ).
The maximum second-harmonic conversion efficiency f/^ax m a Y be estimated by considering that I 2 approaches an upper limit after an effective interaction length of / eff = a 2 1 , and that the generated second-harmonic light is absorbed /// eff times in the crystal. is estimated by these considerations.
Simultaneous SHG and TPA
The TPA coefficient is set to the experimental value of a^X Y = 1.8 x 10" 8 cm W" Table I ) is an order of magnitude lower. Therefore, the SHG in CdSe does not influence the TPA.
The second-harmonic conversion efficiency rj^H is lowered by the TPA since the pump intensity I L (l) at the exit surface of the crystal is responsible for the output secondharmonic signal. This fact is clearly seen by comparing the dotted curve (a^v = 0, \d 3l \ = 10-9 mY 1 ) and the full curve 3 (ag xx = 1.8 x 10~8 cmW" 1 , \d 3l \ = lO^mV 1 ) of Fig. 11 .
Conclusions
The simultaneous occurrence of TPA and resonant non-phase-matched SHG in CdSe has been studied experimentally and theoretically. The complete second-harmonic susceptibility tensor and some components of the TPA coefficient tensor have been determined. The second-harmonic susceptibility components at X L = 1.054/im are approximately 20% smaller than the corresponding components at X L = 10.6/mi. The TPA in CdSe is not influenced by the SHG occurring simultaneously because the second-order susceptibility components are an order of magnitude too small. The measured energy transmissions in CdSe plotted against the pump-pulse peak intensity (Figs 3 to 6) may be used as calibration curves for the peak intensity detection of picosecond light pulses by energy transmission measurement [36, 37] .
